The spin-and density-correlation functions of the two-dimensional Hubbard model at low electronic density (n) are calculated in the ground state by using the power method, and at finite temperatures by using the quantum Monte Carlo technique. Both approaches produce similar results, which are in close agreement with numerical and high-temperature-expansion results for the two-dimensional t-J model. Using perturbative approximations, we show that the examination of the density-correlation function alone is not enough to support recent claims in the literature that suggested spin and charge separation in the low electronic density regime of the t-J model. Since it is well known that the t-J model is equivalent to the Hubbard model in the strong-coupling limit, the results described above are apparently inconsistent. However, the nonperturbative constraint of no double occupancy in the t-J model may produce subtle differences with the Hubbard model. Precisely, one of the purposes of this paper is to study numerically the possible variation of physical properties between these two models as the constraint of no double occupancy is relaxed. Our analysis shows that the density-and spin-correlation functions in the ground state of the 2D Hubbard and t-J models are qualitatively similar at least at low electronic density. To examine the question of spin-charge separation we compare our results for the density correlations obtained by the power method at zero temperature on Copyright by the American Physical Society. Chen, Y. C.; Moreo, A.; Ortolani, F.; Dagotto, E.; Lee, T. K., "Spin-charge separation in the two-dimensional Hubbard and t-J models at low electronic density," Phys. Rev. B 50, 655(R) DOI: http://dx
The normal state of the high-temperature superconductors does not behave as an ordinary Fermi liquid (FL) . ' For the last several years, Anderson has strongly supported the idea that instead it may be described as a Tomonaga-Luttinger liquid (TLL) . The Since it is well known that the t-J model is equivalent to the Hubbard model in the strong-coupling limit, the results described above are apparently inconsistent. However, the nonperturbative constraint of no double occupancy in the t-J model may produce subtle differences with the Hubbard model. Precisely, one of the purposes of this paper is to study numerically the possible variation of physical properties between these two models as the constraint of no double occupancy is relaxed. Our analysis shows that the density-and 
where S', = X &ct tJ'&c, /3, and Bn, =X ct c, (n). Her-e (n) is the average density of electrons. The brackets in Eqs.
(2) and (3) refer to thermal averaging in the grand canonical ensemble when the QMC method is used. At zero temperature, the ground-state wave function obtained by the power method in the canonical ensemble is used to calculate the average. %e have observed that the well-known fermion determinantal sign problem does not pose a difficulty in the low-electronic-density region considered in this paper in any of the techniques. However, this problem becomes more severe with increasing density, and thus we restrict our analysis to the low density region. Let us now analyze the implications of Figs. 1(a) and 1(b). All the curves in Fig. 1(a) have peaks at the 2kF wave vectors, except the ideal Fermi gas which only presents a discontinuous derivative. The peak size increases with the value of U/t The pre. sence of these peaks implies a stronger spin-density-wave correlation at finite coupling than the ideal gas. It is interesting to notice that a similar peak is observed in 1D. Though the magnitude of the peak in 1D is much greater than in 2D, this large difference may be partly due to the dimensionality effect. Unlike 1D in which there is only one 2kF wave vector, in 2D there is a characteristic vector in each direction in the two-dimensional momentum space, each one carrying a peak in S(q). In contrast to the spin correlations, N(q) shown in Fig. 1(b) is reduced at q=2kF as compared to the values of the ideal Fermi gas shown by the dashed line. The reduction is larger as the coupling U/t is increased. The plateau observed for k&2kF for the ideal gas seems to have shifted to a larger value of k. Putikka U is enough to produce a large peak in S(q) at the proper wave vector 2kF. To fit the density-correlation function, a larger U is needed, i.e. , the systematic behavior is very similar in 1D and 2D (as emphasized in Ref. 7).
The excellent agreement between techniques that work at zero and finite temperature shown in Fig. 2 suggests that the shift in N(q) cannot be due to subtle long distance correlation functions but to short distance effects. To study this hypothesis we analyzed in real space the density-density correlation, C(r), for the case of the one-band Hubbard model.
Figure 3(a) shows that this correlation decays rapidly with distance and it becomes negligible at four lattice spacings away from the origin [numerically the signal at this distance is approximately 5x10 C(r=0)]. These 2D correlations are considerably smaller than those obtained in the case of the one-dimensional Hubbard model, which we know shows spin-charge separation. This analysis shows that it would be difficult to obtain reliable numerical information about the behavior of the correlation functions at distances larger than a few lattice spacings. Thus, a proper study of spin-charge separation seems beyond present day accuracy of computational and series expansion analysis at low electronic density.
Can the results of our analysis be extended to higher densities? In Fig. 3(b) , N(q) is shown at quarter-filling using the Hubbard model with U/t=8 and the QMC technique. The results deviate considerably from the noninteracting Fermi gas, but they can be accurately reproduced by a simple perturbative calculation (first order) with an effective coupling Ref. 7, is confirmed by the present study on larger clusters and thus finite-size effects seem small. On the other hand, the RPA approximation can provide a rough qualitative understanding of all these results. In addition, examining N(q) on a 16 X 16 lattice we did not find evidence for the presence of the characteristic wave vector of a spinless fermion model. Actually, the density correlations in real space decay so rapidly that making any statement about their asymptotic behavior based on numerical techniques at finite temperature is risky. Thus, based on the current available information it is not possible to conclude that spin-charge separation takes place in the low electronic density of the 2D Hubbard and t-J models. However, we cannot rule out this possibility either.
The complete separation of spin and charge as in the infinite U limit of the 1D Hubbard model may not be a proper guidance for 2D studies. A possible scenario is that although charge and spin are separated, they interact strongly as in the finite U/t Hubbard model in 1D. This question is currently being studied.
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